Arnica, a genus including the medicinal species A. montana, in its Arbo variety, and A. chamissonis, is among the plants richest in essential oils used as pharmaceutical materials. Despite its extensive use, the role of anatomy and histochemistry in the internal secretory system producing the essential oil is poorly understood. Anatomical sections allowed differentiation between two forms of secretory structures which differ according to their distribution in plants. The first axial type is connected to the vascular system of all vegetative organs and forms canals lined with epithelial cells. The second cortical type is represented by elongated intercellular spaces filled with oil formed only between the cortex cells of roots and rhizomes at maturity, with canals lacking an epithelial layer.Only in A. montana rhizomes do secretory structures form huge characteristic reservoirs. Computed tomography illustrates their spatial distribution and fusiform shape. The axial type of root secretory canals is formed at the interface between the endodermis and cortex parenchyma, while, in the stem, they are located in direct contact with veinal parenchyma. The peripheral phloem parenchyma cells are arranged in strands around sieve tube elements which possess a unique ability to accumulate large amounts of oil bodies. The cells of phloem parenchyma give rise to the aforementioned secretory structures while the lipid components (triacylglycerols) stored there support the biosynthesis of essential oils by later becoming a medium in which these oils are dissolved. The results indicate the integrity of axial secretory structures forming a continuous system in vegetative plant organs.
Introduction
Arnica montana L. (Arnica or mountain Arnica), belonging to the Asteraceae family, is a well-known and valuable medicinal plant. It is a perennial with a thick, rarely branched rhizome which expands at shallow depths underground. Numerous adventitious roots, leaves clustered in rosettes and generative shoots originate from the rhizome. According to the most recent available data, the species abundance is declining in the wild because of overcollection for medicinal and cosmetic purposes (Burfield 2010 , Falniowski et al. 2013 ). In the last decade, various measures aimed at legally protecting A. montana have been introduced. Since the end of the 1990s, the trade in Arnica flowers and roots has been monitored by the European Union. Inflorescences, i.e. flower heads, collected at the beginning of the flowering period constitute the pharmacopoeial raw material (Anthodium Arnicae FP II, III, IV, V). Approximately 50, 000 kg of dry flowers are consumed in Europe annually (Lange 1998) . Roots which are also collected are harvested following autumn defoliation and drying (Greive 1971) . The whole plant, harvested when in flower, is used in homeopathic remedies (Castro, 1990) . It is especially useful in the treatment of traumatic injuries, sores and bruises (Lange 1998) .
Arnica chamissonis is an erect, perennial herb with yellow flowers and dark green, medium textured foliage. The plant has a long, underground creeping stem with small, fiber-like adventitious roots. In the opinion of Small and Catling (1999) , it is unclear to what extent the North American species A. chamissonis is a drug source; however, it is recommended as a substitute for A. montana, probably due to its easier cultivation and the similarity of its pharmacological effects to those of A. montana (Kresken 1984, Leven and Willuhn 1987) .
In the pharmaceutical industry, flower heads (Arnicae flos), the whole plant (Arnicae planta tota) and roots (Arnicae radix) are used. The main crude drug constituents obtained from the flower heads are sesquiterpene lactones, predominantly and their short-chain carbonic acid esters (0.3-1% of dry weight in flower heads, 0.1-0.5% in leaves) (Merfort and Wendisch 1993, Kohlmünzer 2003) .
In the aerial parts, essential oil constitutes from 0.2.% to 0.35% (flower heads) or from 0.2% to 0.5% (leaves) and contains mainly fatty acids, polyacetylenes and phenol acids, as well as umbelliferone from the coumarin family, scopoletin and traces of pyrrolizidine alkaloids (Kohlmünzer 2003) . A major constituent of A. montana roots and rhizomes is essential oil (2-4% in roots, 3-6% in rhizomes), which mainly contains thymol and derivatives with bactericidal and fungicidal activity (Kohlmünzer 2003) .
In contrast to the abundant analyses of pharmaceutical secondary metabolites and their medicinal value, there are relatively few studies related to the anatomy and physiology of the internal secretory system. The structure of the secretory system of A. montana rhizomes and roots has only been investigated in a study by Pijevljakušić et al. (2012) . The authors demonstrated the presence of an intercellular space adjacent to the vascular bundle in the cortical region of the roots. In the rhizomes, the intercellular spacing was larger and located mostly in the primary cortex along the phloem. In the Asteraceae family, similar to many other species rich in oils, inner intercellular secretory ducts tend to be associated with vascular bundles (Nair 1995) . This can be functionally considered as a defense system (Farrell et al. 1991) . The ducts may be of schizogenous or lysiogenous origin, generated due to the programmed death and dissolution of epithelial cells (Nair 1995 , Turner 1999 . Usually, the secretory products may proceed into the lumen by either (i) transplasmalemmal secretion on a molecule-by-molecule basis; (ii) vesicular exocytosis; or (iii) both mechanisms (merocrine secretion). Occasionally, they may proceed by (iv) epithelial cell lysis with direct release of cellular contents into the lumen, as shown by Nair (1995) .
The nomenclature used to describe the internal secretory system of Asteraceae is very diverse, including terms such as 'canal', 'duct', 'secretory inner spce', 'internal space', 'reservoir', 'cavity', or 'tubular cavity', and depends on the authors' opinion(s) concerning the length (sometimes indefinitely long) and form of such structures. According to Esau (2006) , secretory cavities are short, in contrast to secretory ducts which are long secretory spaces. Fahn (1988) presents a similar view.
Typically, the pattern of the spatial arrangement of secretory spaces in Asteraceae is associated with the axial vascular system. However, secretory cavities or canals of specified and unspecified length are found in many other places such as the pith, stem cortex and leaf mesophyll.
Species from the three genera endemic to Hawaii, Dubautia, Argyroxiphium and Wilkesia, included as Arnica in the Madieae tribe, demonstrate a distribution of inner secretory spaces similar to those represented by other Asteraceae (Carlquist 1959) . In the stem, numerous secretory canals are arranged adjacent to the vascular bundles, while in the pith they are organized on the inner faces of the larger bundle (Carlquist 1959) . In the roots, Carlquist (1959) found small quadrangular 'endodermal' secretory canals (Argyroxiphium sandwicense, Wilkesia) of the type described by Tetley (1925) . In some representatives of the genera studied by Carlquist (1959) , the cortical secretory canals extend into the leaf base for a short distance (Dubautia menziesii), whereas in the species that characteristically have such canals in the lamina (D. knudsenii), they continue from the stem into the leaf and either ramify or originate de novo. In respect to the particular secretory structure of the Madieae tribe-the genera examined by Carlquist (1959) -some species possess all the mentioned forms of glands whereas other possess only a few.
In the leaves of Solidago canadensis (Astereae tribe), oil reservoirs occur as a single file above or below the veins. Internal spaces are initiated in a crowded single file and are separated only by epithelial cells. Elongation of the file with the cavities is accompanied by stretching and separation of septa and gives a false impression at maturity of an indefinitely long duct instead of a series of tubular cavities (Lersten and Curtis 1989a) . In a similar way, files of discrete cavities are formed in the aerial stem and rhizome of S. canadensis (Curtis and Lersten 1990) . During organ maturation, the cavities elongate and often helenalin and 11,13-dihydrohelenalin merge with the intervening septum, either parting or becoming ruptured. Pljevljakušić et al. (2012) , using scanning electron microscopy, confirmed the presence of a large intercellular space in the A. montana rhizome, often divided by septa which merged adjacent cavities.
However, the presence of a reservoir space division does not necessarily mean a lack of opportunities for oil mobility, if any such movement does take place. Cell walls surrounding the cavities are the primary walls with loosely arranged cellulose fibrils. This is not an obstacle to the movement of lipids as hydrophobic cuticle wax components are exported out of the cell or translocated through the hydrophilic cell wall (Kunst and Samuels 2003) . Moreover, the remains of the cell walls might be a kind of scaffold which strengthens and protects the inner spaces of secretory structures.
The term 'cavity' may also be used to emphasize the limited size and lack of continuity of such structures. Naming these structures becomes more complex when several types of secretory tissue that differ in topographic position and secreted material are present in one species.
In order to reconstruct the size and the course of the secretory system, careful collection of longitudinal and transverse sections of the organ is required for a 3D image. It is generally a difficult and time-consuming task. The handmade sections, unlike cryosections, do not provide opportunities for collection of the entire series of the organ cross-section. New approaches are required to analyze the secretory system and, in the presented study, its visualization is demonstrated thanks to the application of a non-invasive method of computed tomography imaging.
Studies of the mechanisms behind the internal secretory system and essential oil production are important for a number of reasons. First, they aid the understanding of plant defense strategies which, according to many authors, still require clarification, e.g. biosynthesis of secondary metabolites, particularly terpenes that accumulate in canal spaces. Secondly, investigations oriented towards elucidation of the processes occurring in plants may facilitate metabolic engineering of plants that are more resistant to pathogens and insects and are an effective herbivore deterrent (Kutchan 2005) .
Terpenes were demonstrated in recent years to exhibit a number of interesting functions (Dudareva et al. 2004) , including indirect defense (Kappers et al. 2005 ) and direct defense (De Moraes et al. 2001 ) against herbivores, resistance to abiotic stress (Sharkey et al. 2001 ) and wound signaling (Seo et al. 2003) . However, many plant volatiles seem to have no function for the emitting plant (Pichersky et al. 2006 ) and therefore their transport, storage or emission are a neglected area of study. Pickard (2008) believes that 'in comparison to phloem and xylem, laticifers and duct physiology is a terra incognita'.
Lipids might occur in the form of fats, waxes, sterols, fatsoluble vitamins, mono-, di-and triglycerides, phosphlipids and others. They are engaged in many biological functions that include (i) storing energy; (ii) signaling and (iii) acting as structural components of a cell membrane (Fahy et al. 2009 ). (Note: In this article lipids are generally understood as molecules that include a wide range of naturally occurring molecules with hydrophobic or amphiphilic properties. Also, 'lipids' is sometimes used as a synonym for fats and oils which are a subgroup of lipids called triglycerides.)
Neutral oils composed of triacylglicerol represent the most common storage form of lipids in plants (Facciotti and Knauf 1998) . They are deposited into specialized intracellular organelles, termed oil bodies (OBs) in vegetative organs in plants, and oleosomes or lipid droplets in seeds. Lersten et al. (2006) when investigating 302 plants found that dicot families, i.e. Asteraceae, Caprifoliaceae, Lamiaceae and Rosaceae, had the highest number of species with OBs when compared with the species from other families.
OBs are intracellular organelles playing fundamental roles in metabolism. Their main function is storage of oil-based reserves of metabolic energy and membrane lipid components. In addition to energy storage, lipid droplets provide reservoirs of lipids such as sterols, fatty acids and phospholipids for further membrane synthesis (Walter and Farese 2012, Murphy 2012) .
Neither the function nor the physiology of intracellular oil droplets has been fully investigated, particularly in plants, and possible functional roles of OBs in the plant life cycle require further studies (Lersten et al. 2006) .
The aim of the study was to analyze the structure of the internal secretory system of A. montana and A. chamissonis with an emphasis on some physiological aspects of storing oilbased reserves and volatile oil formation in vegetative organs.
Results

Secretory system
Anatomical studies of secretory structures in various organs of the two Arnica species (three taxa: A. montana, its variety A. montana cv. 'Arbo' and A. chamissonis) revealed the presence of an extensive secretion system consisting of intercellular canals and reservoirs as well as sessile glandular trichomes located on both adaxial and abaxial leaf surfaces.
In the presented study, the secretory inner spaces associated with the axial system were defined as 'reservoirs' if they were wide, of a fusiform shape and able to hold secretions. In the case of narrow spaces and elongated structures, the terms 'ducts' or 'canals' were used. The term 'cortical canals' was used to describe long internal spaces found in the cortex not associated with the axial system. Secretory tissue in the examined Arnica species form long and narrow ducts, extending for the entire length of the organ if they are associated with vascular bundles [axial canals and reservoirs (ACs); Fig. 1A-F] . However, when they do not develop along with the vascular system [cortical canals (CCs)], they may consist of elongated cavities extending in the primary cortex.
Such canals can unexpectedly terminate or alter their course ( Fig. 1G-I ). The latter canal type was present mainly in the roots and developed in the vicinity of cell bands containing rectangular styloids and druses (most probably calcium oxalate crystals).
Secretory reservoirs, present only in A. montana, were elongated, fusiform and large in diameter (Figs. 1J-M, 6 ; Supplementary Movie S1). Canals and chambers may also be divided on the basis of the presence of a lining of epithelium. Only the secretory structures formed in conjunction with the vascular system had well-developed epithelium.
A characteristic feature of the investigated Arnica organs was the presence of specific secretory systems and structures. Some differences between species in the secretory system structure were also observed. Canals of both of the aforementioned types were characteristic of roots. In the rhizomes of A. montana and A. montana cv. Arbo, secretory reservoirs were present (Figs. 1 J-M, 6), while in A. chamissonis rhizomes only axial secretory canals were formed (Fig. 1C) . Finally, only narrow secretory canals were present in leaves (Fig. 1A, B) . The secretory system structure of A. montana and its Arbo variety was similar. The secretory reservoir distribution was associated with the course of leaf development, and each leaf was apparently assigned two reservoirs located in the rhizome. Their narrowest upper edge penetrated the leaf base, as demonstrated in the anatomical preparations of A. montana and A. montana cv. Arbo.
Arnica montana tissues do not accumulate starch. Studies have revealed only small amounts of inulin. However, instead of starch, there was a large amount of oils (triacylglycerols) as the main energy storage substance.
Young parts of rhizomes are the site of intensive accumulation, transformation and most probably redistribution of fatty compounds during the growing season. Accumulation of these compounds in the rhizomes begins just after the flowering season and seed formation. Lipid droplets are found in the phloem parenchyma, secretory epithelium, and the cortical parenchyma surrounding the secretory canals. Very fine lipid droplets were visible in the phloem parenchyma, while much larger ones were visible in the cortex and epithelium after staining with Oil red O. Due to the presence of both oils/lipids and terpenes giving a positive reaction with the reagent, it was difficult to separate the two groups during the preparation stage. However, staining with BODIPY 493/503 confirmed the presence of non-polar lipids (triglycerides) in regions stained with Oil red O rich in arrays of OBs of phloem parenchyma and surrounding cortex, giving rise to epithelial cells.
In the epithelial cells, the BODIPY reagent revealed oil droplets as threaded coral beads along the epithelial wall. Inside the epithelium, the lipid fraction was enriched in locally synthesized essential oils which were then excreted or secreted by swelling and loosening of the cell walls facing the secretory canal lumina. Sometimes the entire content of the cells was released into the canal.
Lipid mobilization in rhizomes accompanies the vegetative growth stage. Following their relocation to the epithelial cells, the lipids became a source of energy and protective material for new axillary bud and adventitious root development. Once these developmental changes related to the emergence and growth of lateral organs (buds and roots) were initiated (July), the intensive accumulation of lipids in the rhizomes was no longer recorded. Although the oil composition in the secretory canals was not uniform, intercellular luminal fluid in the cortical canals stained differently with Nile blue when compared with the axial canals that extended along the bundle.
Leaves
Vascular bundles in leaves of the tested species were surrounded by a parenchymatous bundle sheath ( Fig. 2A, B) . Small axial single secretory canals, probably of a schizogenous origin, were arranged symmetrically on both sides of the vascular bundles, at the height of the xylem. These canals were delimited by a single epithelial layer consisting of 4-6 secretory cells (Fig. 1A, B ). After staining with methylene blue, the epithelial cells showed dark blue UV fluorescence, which indicated the presence of lipids. Narrow axial channels were filled with essential oil secretion (Fig. 5A) .
As well as the penetration of the elongated edge of the rhizome secretory reservoir (A. montana, A. montana cv. Arbo) along the main vein into the leaf base on the abaxial xylem side (Fig. 5C ), each vascular bundle of the leaf trace was accompanied by the two axial secretory canals. They were arranged symmetrically in pairs on both sides of the vascular bundles; thus, there was a dual connection between rhizome reservoirs and leaves: via the secretory canals of leaf traces and by penetration of the narrow reservoir edge into the leaf blade.
As already mentioned, the anatomical structure is associated with all the major veins as well as the veins of the second and subsequent orders present in leaves. On the main veins, just beneath the abaxial epidermis, fairly large drops of essential oils could sometimes be observed enclosed in the canal (Fig. 5B) . Oil droplets were also visible on the adaxial leaf side in the transpiration chambers from where, presumably, they could be released. Moreover, xylem terminal ends were located in the vicinity of transpiration chambers. Volatile oil evaporation may occur through the cell wall of the epidermis, although there was no specific perforation serving this purpose. The transpiration chambers on both upper and lower leaf sides exhibited a positive reaction when stained for lipids with methylene blue and examined under UV light.
Leaves of the studied species revealed the presence of fairly large lipid droplets-OBs ( Fig. 2B-D) . Each OB has a matrix of triacylglycerol surrounded by a phospholipid layer and structural proteins, termed oleosins. The presence of a phospholipid membrane on the OB surface was confirmed by a method using FM4-64 dye as described by Bolte et al. (2004) . The OBs occur as single drops in each cell of the palisade and spongy parenchyma, and their size varies during the vegetative season.
Rhizomes
A characteristic feature of the examined rhizomes is the presence of axial secretory reservoirs in the cortex. In A. montana species (including A. montana cv. Arbo), they are usually arranged in pairs, symmetrically on both sides of the vascular tissue in the vicinity of the phloem ( Fig. 1 J, K) . They are elongated, bag-shaped with narrow ends. Their narrow edge penetrates into the leaf base and their reservoirs are lined with 1-3 layers of secretory epithelial cells (Fig. 3D ). In the lumen of individual reservoirs, oil droplets of various sizes could be seen or their lumina were completely filled with secretion (Fig. 3D) . Following the flowering season, numerous cells containing lipid droplets were found in the band of phloem parenchyma and cortex of young rhizomes, around the reservoirs. Also, secretory canals associated with the leaf traces were observed at various distances from the main stele ( Fig. 5D, E) . Not only the size of the reservoirs, but also the well-developed epithelial cells present in the rhizomes of both A. montana and its variety, indicate a high potential for synthesis of essential oils in these organs. As observed under light microscopy, the oil droplets present in the rhizomes were lighter in color than those found in the roots.
The vascular and secretory systems in the rhizome are interconnected and their continuity of structure is maintained in the leaf. The outgoing leaf traces are always accompanied by two narrow secretory reservoirs (Fig. 5D, E) .
The secretory system of rhizomes in A. chamissonis represents a slightly different structure, lacking secretory reservoirs. A characteristic feature of this species is the presence of continuous axial secretory canals (Fig. 1C ) that are arranged individually in the primary cortex, opposite to or between vascular bundles. When phloem fibers in the vascular bundle are well developed and the canals located opposite the parenchyma are in lateral contact with the phloem, the canals are found specifically opposite to the interfascicular parenchyma.
Roots
The root secretory system of all the taxa studied was similarly organized. At the cortex-endoderm interface, secretory epithelium formed a single-cell layer surrounding the axial canal ( Fig. 1D-F) . The canals were arranged opposite the phloem fields (Fig. 1D , E) numbered from 1 to 6 in the cortex parenchyma.
On the longitudinal sections of the secretory canals associated with the root endoderm, the secretion was seen in a long and narrow space surrounded by epithelial cells. The axial secretory canal ran continuously along the region of contact between the primary cortex and endoderm of the entire organ. The canals may have been of schizogenous or mixed (schizogenous/lysigenous) origin. The second type of canal, the cortical type, is unrelated to the vascular tissue ( Fig. 1G-I ) and runs in the primary cortex adjacent to arrays collecting crystals. Their fixed location, identical throughout the entire root length, may confirm that function, although these canals most probably do not form a continuous structure. The cortical canal width was equal to the transverse dimension of one half of a cortical parenchyma cell. Furthermore, accumulation of secretion was observed in the intercellular spaces in the cortex ( Fig. 1G-I ).
Vascular connections between rhizomes and roots were formed with the arched xylem and phloem rhizome derivatives. The cortex, together with the two narrow edges of rhizome reservoirs, surrounding epithelial cells and phloem parenchyma arrays was in contact with the cortex of the adventitious roots (Fig. 3B) . The extensive accumulation of oils in the proximal part of the newly formed root may be attributed to the close continuity between the vascular bundle of the rhizome and root (Fig 3B) .
The components of Arnica root essential oil were oxidized rapidly in contact with the atmosphere, changing color to a darker shade which indirectly indicated the presence of a phenolic fraction. Treatment with both lead acetate and ZrOCl 2 resulted in a red color as observed under UV light.
In conclusion, the secretory system of the studied Arnica species consists of an extensive network of canals and/or reservoirs extending alongside the vascular system of individual plant organs. Secretory system contacts between different organs resemble those observed in the case of vascular connections. The most important are the axial canals and the reservoirs lined with epithelium which is derived from phloem parenchyma and by that associated with axial bundles. Both the vascular and secretory systems form an integral whole.
Histochemistry of lipids
The organs of Arnica species when stained with lipid-specific dyes showed various lipid accumulations in vegetative organs. In leaves, almost all structures stained positively for lipids with Sudan black B, but a particularly strong reaction was observed in the palisade mesophyll layer, indicating lipids bound to the membranes associated with chloroplasts and other organelles. The epidermis and secretory ducts located along the veins were stained with Sudan III, a dye typical for fats/oil and waxy substances. The presence of a single lipid droplet per cell was a common feature of the leaf cells. The lipid bodies in leaves, clearly visible after KOH treatment, changed in size during the growing season, reaching their maximum dimension during summer (Table 1 ) .
Lipid droplets stained positively by Sudan III, Sudan Black B in propylene glycol and Oil red O (Fig. 2D) , but also using the copper-rubeanic acid and BODIPY methods (Fig. 4A1, 2) . However, Nile blue staining did not give a typical positive reaction (Fig. 2C) . In the majority of cases, the lipid content of the vesicles in leaves was yellow and, less often, dark lilac to graybrown. Additionally, Sudan III-stained OBs showed variability of color from yellow to orange. Uneven staining of vesicles, especially with Sudan III and Nile blue, may be a result of poor dye penetration into the OBs, leading to artifacts. However, it may also reflect some differences in the chemical composition of the vesicle contents. Sudan black B, dissolved in isopropanol, did not penetrate the OBs, which resulted in a yellow color under white light illumination. In contrast, the dye strongly stained the palisade parenchyma cells. Small lipid droplets could also be detected in the phloem parenchyma cells, as demonstrated by the copper-rubeanic method and with the Oil red O dye (Fig. 3E) .
Triacylglycerols, synthesized and accumulated in leaves, travel towards the underground rhizomes. They are deposited in the phloem parenchyma, cortex tissue surrounding secretory canals and/or in the epithelial cells. To some extent, epithelial cells are subjected to a programmed cell death pathway and their content is released into the channel lumen. Two or three layers of the primary cortex cells surrounding the epithelium with a large number of OBs replace the secretory cells with time. Another possible scenario is the conversion of lipids into sugars for the purpose of transport in the phloem and re-conversion to lipids after moving to the below-ground organs. However, this strategy is less likely to occur due to the high energy costs of such a 2-fold chemical transformation.
Arnica montana is a specific 'oil plant' in which lipids have important functions in nutrition and are the main storage material. Additionally, as a group of high-energy compounds, they may also be used as substrates for the synthesis of specific oilderived compounds. In the analyzed Arnica species, the number of other forms of storage material is negligible. Starch only occurs in the leaf chloroplasts, and some amounts of inulin are found in the tissues of the below-ground organs, particularly in the roots.
In rhizomes, regardless of the growing season, oils/lipids were present in the phloem parenchyma cells as a fine dispersion of vesicles staining for fatty acids according to the copperrubeanic acid method, and in the presence of Oil red O for lipids (Fig. 3E) .
In all of the applied tests, a positive reaction for oils was observed in rhizomes in the cells surrounding reservoirs, in the epithelial cell contents and, to a lesser extent, in the roots (Fig. 3A-D) . On the first outer layer of epithelial cells, oil droplets stained more strongly with Oil red O than on the inner cell layers, while the lowest affinity was found for essential oil droplets inside the reservoirs. In the roots, droplets were also found in the contents of the two types of ducts, and other substances of lipid character in rhizodermis. Also, the rhizome and root essential oils showed autofluorescence at wavelengths of 360-370 nm, 385-395 nm (Fig. 2H) and 470-490 nm (Fig. 1E, I, M) . The presence of terpenes and lipids in essential oils was also detected with the NADI (naphthol and diamine) reaction (Fig. 4G, H) .
Morphogenesis of the secretory system
Analysis of the growth apex of a short stalk before vegetative season revealed the presence of large amounts of lipids in the form of OBs accumulated in the phloem vascular bundle. Double staining with Oil red O and aniline blue at the same time helped to identify sieve elements, with fluorescent callose deposited in sieve plates and slightly wider cells of vascular parenchyma (Fig. 3F, G) . There was no presence of lipid components in the sieve tube elements but they were clearly visible in the strands of vascular phloem parenchyma. The ability to collect and store reserve material in the form of triacylglycerols is a distinguishing feature of these cells. Additionally, veinal phloem parenchyma most probably possesses the ability for translocation of stored lipids between adjacent cells.
The arrays of phloem parenchyma cells rich in OBs are found inside vascular bundles surrounded with endodermis in the youngest stem segments, where the reservoir formation has just begun. The fully developed secretory reservoirs are located outside the vascular bundle, although they are in close contact with the phloem and seem to be initiated in the phloem parenchyma tissue. The reservoirs emerge from the free intercellular space that begins expanding at the start of secretion, created by the schizogenous or schizolysigenous mechanism in the phloem parenchyma (Fig. 1J) . Epithelial cells therefore ontogenetically represent phloem parenchyma, and the entire secretory system is a part of the vascular tissue system.
Characteristic of epithelial secretory tissue of both Arnica species is the presence of features typical of transfer cells clearly visible on walls tangential to the lumen (Fig. 4D) , the same indicating the capacity for substantial transport between the adjacent cells. Nile blue staining revealed the formation of inner wall ingrowths by staining blue (Fig. 4E, F) , signifying the presence of acidic lipids (fatty acids and phospholipids) in the cells surrounding the secretory epithelium and in the epithelium itself. Similarly, a positive reaction to fatty acids showed the cell walls of phloem parenchyma arrays forming epithelial tissue stained using the copper-rubeanic acid method. Wall ingrowths facilitate the secretion and exchange of some cell components between the adjacent cells, possibly including lipid droplets. They accumulated abundantly at the (17) a Mean is the arithmetic mean; n is the number of measured oil bodies.
plasmalemma and were clearly visible, particularly after BODIPY treatment (Fig. 4C ). An interesting feature of the root vascular cylinder was the presence of resins-essential oil derivatives-in the xylem vessels (Fig. 4B) . On the longitudinal section, continuous or broken up columns of essential oils were formed in the vessels of the root xylem (Fig. 5G, H) . This would suggest an ability to transport essential oils/resins in the dead vessel elements or a different function, e.g. anti-infective in response to an injury or some cavitation-related blocking of conductive elements. A similar phenomenon was observed in the conductive bundles of young rhizomes, where some of the vessel elements of protoxylem and metaxylem were filled with essential oil (Fig. 5F) .
The volatile oil content in the vessels was visible on the transverse sections of the roots and, to a lesser extent, in the rhizomes. Additionally, at the point where the stem bundle diverged from the vascular cylinder toward the leaf veins, the xylem vessels were filled with a brown amorphous substance (visible after treatment with Oil red O). It was most probably a resin as its brown color differed from the expected typical red lipid staining (Fig. 5D, E) . Examining Asteraceae's ability to develop, apart from the external phloem, the internal (intraxylary) phloem on the inner side of cambium, together with its secretory activity, could be responsible for the presence of resin in the xylem vessel elements. This would be compatible with the earlier conclusions regarding the role of veinal parenchyma in the synthesis of essential oils. Resin storage in xylem elements might be a normal physiological occurrence resulting from resin release from the internal phloem parenchyma cells, or could be a sectioning artifact. Resins inside the internal phloem cells would be held under slightly positive pressure and could leak from damaged tissue.
Three-dimensional reconstruction of the secretory reservoir distribution X-ray-based micro-computed tomography (micro-CT) observations supplemented the anatomical analysis of A. montana cv. Arbo rhizomes (Fig. 6) . Our results demonstrated, for the first time, a 3D arrangement of the secretory reservoir distribution within the rhizome. The micro-CT revealed a characteristic fusiform shape of the reservoirs. They were arranged along the long axis of the rhizome, mostly in pairs, close to the vascular bundles. Some of the reservoirs formed even larger structures and thus larger chambers were visible. However, many small compartments were also observed (Fig. 6) . The lengths of the reservoirs ranged from about 1 mm for small compartments to about 4 mm for the longest. Their width ranged from 0.3 mm to 0.7 mm.
Discussion
Structure of secretory system
With regards to the anatomy and location of the secretory system of Arnica, it largely resembles those which occur in other members of the Asteraceae family (Madieae tribe). Internal secretory ducts in vascular tissue are similar to those of Asteraceae, occurring in conifers and several other families such as Anacardiaceae, Brassicaceae, Fabaceae and Hypericaceae (Metcalfe and Chalk 1979) .
In the Arnica species, the well-developed inner secretory system was observed, consisting of axial canals and reservoirs situated along the vascular bundles of the leaves, rhizome and roots. In the roots, except for the axial canals, cortical ducts, not connected with the endoderm of the vascular bundle but located in the primary cortex, were noticed. Similar to those in both Arnica species, the ducts of Matricaria chamomilla roots (Andreucci et al. 2008) were located in close proximity to the endodermis. The axial ducts in the Arnica root were also long and unbranched, but, in contrast to Matricaria, formed epithelium.
Generally, the rhizomes lacked small cavities and idioblasts but, in specific phases of development, the rhizome cortex cells had the capacity to store large amounts of oils.
Some researchers who have previously studied A. montana, such as Pijevljakušić et al. (2012) , noticed the presence of amorphous yellowish-colored droplets of a clear substance in the cortical parenchyma of unstained, fresh hand-cut sections of the roots. They also found intercellular space adjacent to the vascular bundles in the cortical region of roots, but did not notice clearly specialized epithelial cells like those found in this study. It is assumed that it was probably due to the fact that the authors applied only Sudan dyes (III and IV) which did not allow full examination of lipids as Oil red O does. Additionally, we discovered that in the root cortex there were two types of canals present. The first axial type was adjacent to the vascular bundles and lined with epithelium, and the second cortical type was built in the intercellular cortical space and formed canals, lacking secretory tissue. In the moniliform tuberous roots of Gyptis lanigera (Asteraceae), apart from endodermic secretory canals, new secretory canals originating from the vascular ray formed during the secondary growth. The lumen of these secondary canals was schizogenous in orgin (Appezzato-da-Glória et al. 2008) . The presence of cortical canals in the roots of Arnica species could also be associated with the secretory activity of the extinct derivatives of the parenchyma tissue. Alternatively, they might solely play a spacefilling role. The first assumption is supported by the intense staining of the secretion with NADI reagent, which would prove their epithelial origin.
In Rhaponticum carthamoides and Matricaria chamomilla roots (Łotocka and Geszprych, 2004, Andreucci et al. 2008) , ducts are located outside the endodermis in a few discrete arrays just outside the primary phloem, and each array consists of a few ducts. The same organization of the secretory canals was recorded in the roots of both Arnica species in this study. Additionally, the presence of resin in the xylem, which stained from yellow to brown with Oil red O, was noticed. This would suggest a different chemical composition compared with cortex essential oils, indicating that the intraxylary secretion of Arnica does not contain lipids.
The canals of the examined roots of A. chamissonis were similar to those in other Asteraceae species, with their primary structure (Appezzato-da-Glória et al. 2008 ) lined with four epithelial cells: two outer cells of the cortical parenchyma and two inner cells of the endodermis. In certain cases, the origin of the secretory canals at the root tip was described from a developmental point of view in the older literature. It was shown that they originated at a very early stage, simultaneously with the differentiation of the first sieve tube (Tetley 1925 ).
The inner axial secretory systems of A. chamissonis and A. montana rhizomes were localized around vascular bundles, opposite to phloem 'fields'. However, in A. chamissonis the organization of the rhizome secretory system resembled that present in the roots of both species, i.e. canals were organized in several arrays surrounding the vascular bundles, whereas, in A. montana, instead of ducts, huge secretory reservoirs were formed.
The secretory arrays in A. chamissonis rhizomes were located in such a way that allowed contact with the phloem, i.e. they were organized partly laterally towards vascular bundles if fibers abundantly appeared in the phloem. Localization of ducts near vascular bundles in association with the stem phloem was also recognized in Grindelia pulchella (Bartoli et al. 2011 ).
3D analysis based on X-ray computed tomography
Additional information was obtained from the studies using micro-CT. This technique is a non-destructive imaging technique providing the possibility to visualize the 3D structure of the plant body (Dhondt et al. 2010) . The method was extensively used in medical diagnostics due to many advantages it introduced to biological studies. The studied material requires no fixing, sectioning or staining which could have a destructive influence on the examined sample (Stuppy et al. 2003) . The 3D reconstruction obtained in our studies allowed visualization for the first time of the spatial distribution of the secretory reservoirs together with their exact shape, size and divergence from the leaf midrib. We were also able to observe clearly many small compartments forming even larger structures such as two sacshaped forms joined at the base which would be difficult to observe in anatomical cross-sections, if it all.
Leaf secretory structure
In the studied A. chamissonis and A. montana, two secretory canals were observed along the veins, placed symmetrically on both sides of the vascular bundles, on the height of xylem. In the case of A. montana, occasionally at the base of the leaf blade, a single, much larger canal was visible on the xylem side, most probably being a branch of rhizome sac-shaped reservoirs. In the cross-section of the midrib of the first leaf of a Rhaponticum seedling, Łotocka and Geszprych (2004) found only a single reservoir accompanying the phloem and no reservoirs formed along the xylem. In a mature plant leaf midrib, 1-4 reservoirs accompanied both the phloem and xylem, with the largest number at the central bundle only. Similarly, in leaves of Matricaria (Andreucci et al. 2008 ) and the Arnica genus, reservoirs with a small lumen were localized near the veins.
In the Rhaponticum leaf, except the smallest veins, only abaxial secretory reservoirs were formed inside the bundle sheath along the phloem (Łotocka and Geszprych 2004) . In Solidago, Lersten and Curtis (1989a) found that leaf reservoirs varied according to their diameter and the number of epithelial cells. In the Arnica species, the number of epithelial cells in leaves varied from three to five. In Rhaponticum, 4-6 epithelial cells were found, while in Solidago (Lersten and Curtis 1989a ) the cell number varied according to their diameter from three to six.
Leaf bundle parenchyma and localization of leaf secretory canals
Arnica secretory axial canals along the leaf main veins were associated with the bundle sheath and were located at the border of the sheath and mesophyll cells, at the height of the xylem. Arnica montana leaves, in contrast to those of A. chamissonis, have 2-3 layers of palisade parenchyma and a bundle sheath around the leaf veins, suggesting that this specialized cell layer might provide an enhancement of the efficiency of nutrient transport. Some authors suggest that bundle sheath cells, which are similar to the legume plant paraveinal mesophyll (PVM), structurally and functionally can be regarded as a part of the PVM tissue (Franceschi and Giaquinta 1983) . Both the bundle sheath and PVM act as intermediaries between mesophyll tissue and leaf vasculature. They have probably evolved to overcome diffusion limitations imposed by multiple palisade layers (Lansing and Franceschi, 2000) . Secretory ducts of A. montana and A. chamissonis leaves are located just on the border of or within the bundle parenchyma. Also, in leaves of other Asteraceae species, the location of ducts indicates contact with the bundle sheath. In Solidago canadensis (Lersten and Curtis 1989a) , similarly to Arnica, the leaf midrib reservoirs seemed to be either adjacent to or embedded in the bundle sheath. The location of the axial secretory canals within or in close contact with the bundle parenchyma sheath suggests that they might be associated with the transport or movement of assimilates or, as in the case of Arnica, transport of lipids to the rhizomes. Very little is known about the biochemical and physiological processes of these special structures, but mechanisms governing lipid trafficking are different from those associated with the movement of other nutrients such as sugars, and are poorly understood. Lipid transfer proteins (LTPs) are basic, 9 kDa proteins present in high amounts in higher plants, which can enhance the in vitro transfer of phospholipids between membranes (Kader 1996) , but unfortunately are located outside the plasma membrane in the cell wall space. Vesicular lipid transport through exocytosis and endocytosis are the best known mechanisms of regulation of the intercellular fatty acid pool. The results of investigations carried out by Grabski et al. (1993) support the conclusions that the endoplasmic reticulum, but apparently not the plasmalemma, can form dynamic communication pathways for lipids across the cell wall between adjacent plant cells. The plasmodesmata appear to form a barrier for lipid diffusion through the plasmalemma.
The origin of canals
Ducts in the Arnica species studied are probably formed by a schizogenous or schizolysigenous mechanism. Secretion of essential oils that occurs by the swelling and loosening of the cell wall facing the canal lumina, as observed on the anatomical preparations, supports the theory of the mixed channel origin. Most researchers believe that duct formation in Asteraceae is exclusively schizogenous (Esau 2006) ; however, Joseph et al. (1988) report that channels in Parthenium argentatum (Asteraceae) are formed in a 2-fold way: schizogenously if initiated in the cambium or schizolysigenously if they develop in a primary tissue.
In A. montana and A. chamissonis rhizomes, epithelial tissue ontogenetically derives from the phloem parenchyma cells that store lipids. The study shows that the internal glands of rhizomes are a vital part of the axial vascular system and develop from vesicular phloem parenchyma. However, in the roots they are closely associated with endoderm.
Oil secretion
In the investigated Arnica species, oil secretion may proceed into the lumen via a trans-plasmalemmal process on a molecule-by-molecule basis, by vesicular exocytosis, or by both (merocrine secretion). Occasionally, it may proceed by epithelial cell lysis with direct release of cellular contents into the lumen (Nair 1995) . Leakage of the entire cell content into the channel points to the involvement of a programmed cell death process in the secretion of essential oil.
Epithelium morphology
Reservoirs within the R. carthamoides rhizomes (Łotocka and Geszprych 2004) , similar to those of A. montana and A. chamissonis, are surrounded by three layers of epithelium. The number of epithelial cells is higher than in the reservoirs of other organs, pointing to the elevated ability to synthesize essential oils.
By applying Sudan III and Sudan Black dyes, Pljevljakušić et al. (2012) indicated the lipid nature of the secreted droplets in the roots and rhizomes as well as in the epithelial cells. In our study, the contents of Arnica rhizome epithelial cells were stained positively with Sudan III, Sudan Black B dissolved in propylene glycol, Nile blue, using the copper-rubeanic method, with Oil red O and dyes with unique hydrophobic properties (BODIPY). In particular, the lipid content was clearly illustrated by the use of Oil red O that allowed differentiation between standard oils/triacylglycerols and volatile oils. The outer epithelium layer stained more intensely, indicating a higher lipid content in contrast to the weaker staining of the inner layer, most probably due to a decrease in the amount of oils and an increase in the newly synthesized essential oil fraction with terpenes as its main component. The histochemical tests showed that, among all lysochromes used, only Oil red O had a higher affinity for lipids than terpenes.
The role of lipids as a substance from which essential oils derive and in which they dissolve is supported by the following two observations: (i) a pure fraction of distilled volatile oils is toxic to the leaves from which they were extracted; and (ii) non-volatile oil residues remain in the reservoirs after distillation of rhizome fragments in a Deryng apparatus. Łotocka and Geszprych (2004) presented a similar conclusion for R. carthamoides, where both the cytoplasm of secretory cells and secretion within the reservoirs stained red with Sudan III, while UV autofluorescence was a weak yellow, thus indicating a different composition of the secretion within the reservoirs from that of lipid droplets within the secretory cells.
The cell walls of secretory cells, in contrast to the rhizome parenchyma cells, were much thinner and the arrangement of the wall fibrils was looser. Recently, Nieuwland at al. (2005) demonstrated a new type of wall-loosening proteins which are members of the LTP group. The authors hypothesize that the LTPs are associated with hydrophobic wall compounds, causing non-hydrolytic disruption of the cell wall. The existence of proteins with a dual function, such as transporting lipids and cell wall loosening, would perfectly explain the phenomena observed in the epithelium. If present in epithelial cells, such protein activity could cause cell wall loosening by facilitating release of the cell content into the canal lumen as well as the trafficking of substances between adjacent cells. Also, it could promote the release of the whole protoplast into the channel which, apart from Arnica, was also observed in Petrodon pubescens (Asteraceae) by Rodrigues et al. (2011) .
Transfer cells
The epithelium and surrounding phloem parenchymatous arrays are characterized by the occurrence of transfer cells, specialized cells that support efficient transport. Specific acidic lipid/phospholipid wall ingrowths were present on the cell walls and particularly well developed on tangential walls facing the lumen. This indicates an enormous capacity for the movement of secretions as well as of particular components between the adjacent cells, including lipid droplets that accumulate abundantly within the plasmalemma-delimited symplastic domains. This phenomenon is well illustrated by the example of corn (Davis et al. 1988) , where there is no vascular connection between the maternal plant and the developing caryopses. All nutrients entering the seeds are believed to pass through by either symplastic or apoplastic transport, carried by a specialized group of cells called transfer or basal endosperm cells. The most recent study has shown that imprinted Maternally expressed gene1 (MEG1) in maze is necessary and sufficient for the establishment and differentiation of endosperm nutrient transfer cells located at the mother-seed interface (Costa et al. 2012) .
The powerful assembly of OBs in the rhizomes, associated with triacylglycerol accumulation, is probably part of the development program related to rhizome formation, synthesis of essential oil components, rhizome ingrowths as well as the initiation and development of lateral buds and roots. The triacylglycerol content of the OBs constitutes an energetic material for these changes. The possibility that lipids present in phloem parenchyma are transported via these paths also exists.
Interconnections within the secretory system
The secretory structures of all the organs of Arnica species formed one interconnected system, possibly responsible for essential oil secretion and, eventually, its transport. Internal connections within the studied secretory system were not only evident between rhizomes and the developing aerial parts through the ducts accompanying leaf traces. Apparently, such a connection was also present between the rhizome reservoirs and root canals in that it initiated in a shoot in analogy to a vascular connection between an adventitious root and a shoot. Such a connection was established via approximately four rhizome reservoirs.
In the root and hypocotyl transition zone of Tagetes (Poli et al. 1995) , the two groups of six secretory reservoirs, characteristic of roots, are transformed into four arrays of three reservoirs abutting phloem. No such transition was observed in Rhaponticum as the reservoir arrangement in the root and hypocotyls was identical (Łotocka and Geszprych 2004) . In the Ambrosia root and hypocotyl transition zone of polyacetylene reservoirs, some of the reservoires are terminated whereas others are transformed into endodermis-associated structures Curtis 1988, 1989b) . The existence of secretory reservoirs accompanying leaf traces was also observed in R. carthamoides by Łotocka and Geszprych (2004) . Svoboda et al. (2000) described secretory ducts which formed elongated cavities branching into networks often traversing roots and shoots. Such ducts were found in the representatives of Apiaceae including anise Pimpinellaanisum, giant fennel Foeniculum vulgare, dill Anethum graveolens, coriander Coriandrum sativum, cumin Cuminum cuminum, parsley Petroselinum crispum and Angelica ssp. The largest network, extending from roots to a shoot, was found in celery Apium graveolens.
Presence of resins in xylem
The presence of essential oil/resin columns in xylem is difficult to explain. Lipid bodies in xylem were also observed by Schneider et al. (1999) in the resurrection plant Myrothamnus flabellifolia, Myrothamnaceae, which shrank and appeared to be dead during the dry season but miraculously turned green within a few minutes after exposure to water. The authors hypothesized that OBs could indirectly affect the osmotic pressure values of the xylem sap, e.g. by reducing the mass of water within the lumen whilst leaving the osmoles of solute unchanged. They seemed to agree with the unpublished data by Wagner et al. that lipids/terpenoids may play an important role in refilling the vessels with water after drought or cavitation.
The presence of resin in xylem elements of A. montana would validate the previous conclusion regarding the involvement of veinal parenchyma in essential oil synthesis. While xylem vessel elements may be their natural physiological localization of resins, their presence could also result from connections between secretory structures (anastomosis). Resin release from internal phloem parenchyma reservoirs may be due to activity of LTPs causing disruption of the cell wall of secretory cells, for example. This explanation would be supported by the results of Bakkali et al. (2008) who revealed the presence of a highly modified, hydrolyzed wall structure at the boundary between xylem parenchyma and xylem vessel, potentially an important trafficking pathway across the apoplast-symplast interface. Burlat et al. (2004) stress a unique role for the internal phloem in biosynthesis of monoterpenoid precursors in aerial parts of Catharanthus roseus. The authors, based on the location of four different genes involved in the MEP (methylerythritol 4-phosphate) pathway and terpenoid metabolism (G10H), found that internal phloem parenchyma is the primary site of isoprenoid biosynthesis and implies the intercellular translocation of metabolites.
Lipids and oil bodies
The presence of a single lipid droplet per cell was a common feature of the leaf cells. They were most pronounced, i.e. largest, in the post-flowering period. In rhizomes, lipids were present in the phloem parenchyma as a dispersion of vesicles staining with copper-rubeanic acid and Oil red O regardless of the growing season. A temporal accumulation of lipid droplets was also noted after a blooming period in the cortex cells surrounding the epithelial tissue. In roots, higher amounts of lipids were also found in the contents of ducts of both types. Changes in the lipid amounts in the rhizomes might indicate that these compounds constitute the energetic material for developmental changes, e.g. the formation of new buds and roots, but also for terpene building block synthesis in the secretory tissue. In addition, the oil was also visible in the phloem parenchyma as the dispersion easily stained with Oil red O and reagents sensitive to fatty acids. These observations perhaps suggest lateral oil droplet transport from the surrounding area to the epithelial cells, where their composition is changed to isoprenoids and aromatic compounds.
The presence of OBs in the phloem was also demonstrated in Tetraen mongolica (Zygophyllaceae), a species endemic to the Western Gobi Desert of Inner Mongolia (Qian and Chen 2004) and capable of living in extreme conditions. Chemical analysis of triacylglycerols showed (Wang et al. 2007 ) that their concentration in phloem was much higher than in xylem. A semi-thin section, stained with Sudan Black B, proved that almost all cells in the phloem contained oleosomes, whereas in xylem, oleosomes were found in parenchymatous cells only. The presented data suggest that the ability to accumulate large amounts of triglycerides in T. mongolica tissues is associated with resistance to drought stress.
The data from the literature suggest that the phloem parenchyma performs a vital function in the biosynthesis of various specific compounds such as de novo biosynthesis of ABA (Endo et al. 2008), protosystemin (Narváez-Vásquez and Ryan, 2004) , H + -ATPase (Bouché-Pillon et al. 1994 ) and jasmonic acid that may modulate phloem structure and function by increasing the development of plant cell wall ingrowths (Amiard et al. 2007 ). Additionally, our data would indicate the potential role of phloem parenchyma in the trafficking of lipids, signifying its remarkable metabolic capability.
Oil bodies
The analysis of Arnica species with FM4-64 (Bolte et al. 2004 ) allowed qualification of lipid droplets as OBs coated with a phospholipid monolayer. Lipid droplets are ubiquitous organelles that store neutral lipids and play crucial roles in lipid metabolism. Quite recently, it was found that lipid droplets can become a temporary home for proteins clearly unrelated to lipid metabolism, including histones, enzymes, viral capsids or RNA-binding proteins (Welte 2007) . Such lipid-protein complexes may be transported in phloem parenchyma to other tissues for storage, use, modification or degradation (Benning et al. 2012) . In plants, lipid droplets may act as vehicles delivering passenger proteins intercellularly, but can also play a similar role to human lipoproteins in extracellular trafficking (Welte 2007) , at least in oil plants. A discovery of these new kinds of vesicles may change our knowledge of the role of lipids in plants.
The presented data illustrate the principles of the organization of the secretory system, probably identical to that of the entire plant world. The presence of triglycerides in the phloem parenchyma cells, found in the early parts of the shoot under the endoderm, confirms that the secretory tissue is an inherent part of the conductive bundle. The triglycerides contained in the phloem parenchyma cells are used to synthesize the essential oils according to the needs of the organism.
Conclusions
(i) The secretory systems of the vegetative organs of Arnica species are interconnected to form one integral structure running parallel to the vascular tissues. It consists of several arrays of canals surrounding the vascular cylinder. It is located opposite phloem fields in the rhizomes associated with endoderm in the roots, while in the leaves it is placed on the margin of the bundle sheath. In A. montana rhizomes, instead of canals, large reservoirs are present. Additionally, in the primary cortex of the roots of both species and in A. chamissonis rhizomes, ducts unrelated to the vascular system are found. (ii) The anatomical analysis of the A. montana rhizome is supplemented with micro-CT studies, presenting for the first time the 3D reconstruction of the distribution of the secretory reservoir . Our observations support the thesis of one integral axial secretory system and, additionally, show interconnections (anastomoses) between the reservoirs. 
Materials and Methods
Plant material
The plant materials studied were leaves, rhizomes and roots of the two Arnica species Arnica montana and its variety A. montana cv. Arbo, and A. chamissonis, grown in a hotbed in the Botanical Gardens, University of Wroclaw, Poland. The whole collection of the studied plants originated from in vitro propagation. The cultures were derived from A. montana and A. chamissonis seeds collected from their natural locality. Seeds of A. montana cv. Arbo were obtained courtesy of a private collector. For plants growing on experimental plots, a substrate consisting of acidic peat (two parts), sand (one part), leaf humus (two parts) and garden soil (two parts) was used. The pH of the soil ranged between 4.5 and 5.5. The substrate for planting the produced microcuttings in pots in vitro was much poorer and constituted a mixture of acidic peat and sand in a ratio of 3 : 1, and its pH was lower (4.0 and 4.5). The adult flowering plants, after 2 years of growth, were subjected to chemical analyses and anatomical studies at several stages of development during the growing season.
Light microscopy and histochemistry
Cross-sections of fresh non-fixed leaves, rhizomes and roots of the two species (A. montana, A. montana cv. 'Arbo' and A. chamissonis) were prepared by hand or using a cryotome (Leica CM 1900) . For anatomical studies and detection of different components, the following staining methods were used: phloroglucinol with 36% HCl (lignin), an alcohol mixture of alcian blue and safranin (primary and secondary cell wall), I 2 in KI (starch), 0.005% aniline blue solution in 0.15 M phosphate buffer at pH 6.8 (callose) (Currier and Strugger 1956) , 0.001% methylene blue (cellulose, lipids fluorescence; Popper 1944), 10% KOH (tissue clearing) and Sudan IV (lipids; Baker 1946). The staining reactions were performed according to Broda (1971) , Braune et al. (1975) and O'Brien and McCully (1981) .
The main metabolite classes in the secreted material were investigated in sections of mostly fresh samples using histochemical protocols described below. Histochemical identification and the topography of lipids, as well as their chemical composition, were examined using a number of reagents.
For staining with lysochromes (Sudan III, Sudan Black B and Red oil O), lipids were stained with Sudan III according to Frohne (1969) and Sudan Black B according to Chiffelle and Putt (1951) cited by Lilie (1965) . The dye solution (0.7 g) was heated in 100 ml of 85% propylene glycol in water at a temperature of 100-110 C. Particulate matter was additionally removed by filtering through disposable Millipore filters (0.2 mm). Sections were prepared on a cryostat, immersed in pure propylene glycol (3 min), transferred to Sudan Black B solution (7 min), washed in 85% propylene glycol and finally washed in water. The prepared sections were stored in glycerol. The images were taken using light and epifluorescence microscopes: Zeiss Axioskop with automatical camera and Olympus BX-50 connected to a DP71 camera with cell B imaging software.
Oil red O
All lipids were stained with Oil red O. The staining fluid was 0.2% dye in 60% 2-propanol; the dye was boiled briefly and filtered according to the procedure described in the Merck catalog (C.I. 26125), Certistain.
For staining of neutral and acidic lipids, tissues were stained with Nile blue sulfate according to the method described in Adams (1965) . Sections were stained with 1% solution of Nile blue for 5 min at 60 C and immediately differentiated in 1% acetic acid at 60 C to remove excess dye. They were then rinsed in water and mounted in glycerol gel.
For the detection of fatty acids, the copper-rubeanic acid methodof Holczinger (1959) , cited by Debuch (1965) , was applied.
Terpenes and lipids: NADI
The presence of terpenes in tissues was confirmed by NADI staining according to Jensen (1962) . For the NADI reaction (David and Carde 1964) , fresh sections were placed for 0.5-1 h in a freshly prepared mixture of 0.001% 1-naphthol, 0.001% N, N-dimethyl-p-phenylenediamine dihydrochloride and 0.4% ethanol in 100 mM sodium cacodylate-HCl buffer (pH 7.2) and immediately analyzed under a microscope.
In all the staining procedures, control tests on slides extracted with a mixture of ethanol : ether (3 : 1) were used.
BODIPY lipid probes
Small sections of different plant parts were fixed in phosphatebuffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ) for 1 h and then rinsed with PBS. After fixation, sections were stained with 20 mg ml -1 BODIPY 493/503 D-3922 Lipid Probes (Molecular Probe) for 30 min in darkness according to the manufacturer's protocol. The stained organs were examined using a fluorescent microscope in UV light.
The existence of a membrane on the OB surface was proved with FM4-64 dye (Bolte et al. (2004) Computed tomography of A. montana rhizomes The 3D distribution of OBs within the stem of A. montana specimens was examined by micro-CT imaging with a Skyscan 1172 desktop micro-CT scanner (Bruker micro-CT). A fresh section of the stem, approximately 1.5 cm long and 0.7-0.8 cm wide, was placed into a narrow plastic tube and mounted on the sample holder of the Skyscan 1172. The micro-CT scanner captured absorption contrast X-ray images at a source voltage of 50 kV and a current of 200 mA. To reduce beam-hardening artifacts, we filtered low energy X-rays by using a 0.5 mm thick aluminum filter in front of the X-ray detector.
We reconstructed a series of cross-sectional images from the X-ray projections using NRecon (Bruker micro-CT). This resulted in a volumetric data set consisting of isometric voxels, with each voxel having an edge of 14.4 mm. The data set was exported as a stack of 16-bit gray scaled TIFF image files. In order to visualize the distribution of the secretory system in three dimensions, we segmented the rhizomes using the 3D image analysis software Amira 5.4 (FEI Visualisation Sciences Group) (Supplementary Movie S1).
